I n the last several years, "suicide" gene transfer systems have been extensively investigated as a therapeutic approach of cancer (reviewed in Refs. 1 and 2). These systems are based on the transfer of genes encoding for non-mammalian metabolic enzymes, which confer a novel and selective chemosensitivity to the target cells by providing intracellular conversion of a relatively nontoxic prodrug to a toxic metabolite. Several suicide gene/prodrug systems are currently under investigation. [3] [4] [5] [6] [7] [8] Among these, the metabolic suicide strategy based on the use of the herpes simplex virus type 1 thymidine kinase (HSV-tk) in association with ganciclovir (GCV) is probably the most widely studied. In this system, the HSV-tk provides specific phosphorylation of GCV to GCV monophosphate; other cellular kinases complete the subsequent phosphorylation steps to diphosphate and triphosphate (GCV-TP) GCV derivatives. GCV-TP, an analog of guanosine-TP, is the ultimate toxic metabolite of the prodrug that inhibits cellular DNA polymerase and DNA synthesis, leading to cell death. 9, 10 Preclinical models have demonstrated significant antitumoral activity against several tumors (reviewed in Ref. 11 ), leading to a series of clinical gene therapy trials that are currently testing the clinical efficacy of the HSV-tk/GCV system as a cancer treatment. Preliminary results have demonstrated that retroviral and adenoviral vectors can be used in vivo to confer GCV sensitivity to cancer cells, 12, 13 but have also indicated the need to improve the overall efficacy of this suicide system.
In vitro studies of other antiherpetic compounds that are potentially more potent than GCV in arresting the growth of HSV-tk-transfected cells are underway, searching for more and more effective tools for the selective elimination of cancer cells. Among the possible alternative drugs, (E)-5-(2-bromovinyl)-2Ј-deoxyuridine (BVdU) was recently demonstrated to be a very efficient substrate for HSV-tk; in addition, it has a strong cytostatic activity against HSV-tk-transfected murine mammary carcinoma cells in vitro. The mechanism of action of BVdU differs from that described for GCV in that the principal toxic effect induced by BVdU is the inhibition of the cellular thymidylate synthase by the BVdU 5Ј-monophosphate generated by the phosphorylation of BVdU by HSV-tk. 10, 14 In addition to their important potential therapeutic applications, suicide genes could be also considered as a safety feature for those gene transfer methods (retrovirus-or adeno-associated virus-based vectors) that involve integration of foreign sequences into the host genome. The presence of a negative selection system in these vectors would be highly beneficial in the unfortunate case of an insertional mutagenic event. However, the routine inclusion of a suicide gene as a regular constituent in the vector cassette would most likely affect the expression of other essential vector components such as a positive selectable trait (e.g., neomycin resistance gene (neo)) as well as the exogenous (therapeutic) gene of interest. One possible way to overcome this drawback is offered by the utilization of fusion genes that can provide expression of multifunctional proteins, avoiding the problems created by the coexistence of multiple transcriptional units. In the present work, we have explored the applicability of the TNFUS69 chimeric gene, 15 which is created by the fusion of HSV-tk and neo genes, in a retroviral-based suicide gene transfer system by evaluating the extent of the chemosensitivity induced in target cells to GCV and BVdU. 
MATERIALS AND METHODS

Chemicals
Plasmids and cell lines
The TNFUS69 plasmid containing the fused sequences of HSV-tk and neo genes has already been described in detail 15 and was a gift of Dr. R. Kucherlapati (Department of Molecular Genetics, Albert Einstein College of Medicine, Bronx, NY); a native copy of HSV-tk was derived from the pSPTK1 plasmid, which was a gift of Genetic Therapy Inc. (Gaithersburg, Md). The pBabe-puro retroviral vector 16 was kindly provided by H. Land (Imperial Cancer Research Fund, London, UK) and used to subclone the HSV-tk and TNFU69 genes to obtain the BTK and BTNfus constructs, respectively. The retroviral vector pLNL6 (encoding only for neo) 17 
Transfections and transductions
Retroviral producer cell lines were obtained by conventional calcium phosphate coprecipitation of 20 g of plasmid DNA on PA317 packaging cell lines. Cells producing the BTK and BTNfus retroviral vectors were obtained by selecting transfected cells in the neomycin analog G418 (Geneticin; Life Technologies; 1.0 mg/mL of active metabolite). Titers of BTK and BTNfus retroviral supernatants were assessed by transduction of NIH 3T3 cells followed by puromycin selection (2.5 g/mL; Calbiochem, La Jolla, Calif) and were estimated to be 5 ϫ 10 5 and 2 ϫ 10 5 colony-forming units/mL, respectively. Viral particle-containing supernatants were used for transductions of target cells in the presence of 5 g/mL protamine (Sigma). After transduction, cells were subjected to selection with 2.5 g/mL puromycin. Cells transduced with the LNL6 vector were selected in 1 mg/mL G418.
Assessment of neo gene expression and biological activity
All experiments were performed using MC 38 cells unmodified or subjected to transduction with either the BTK or BTNfus vectors.
To evaluate the amount of neomycin phosphotransferase II (NPT II) produced by the neo and the HSV-tk/neo fusion genes, we used an enzyme-linked immunosorbent assay (ELISA) based on a rabbit polyclonal antibody specific to the NPT II protein encoded by the Escherichia coli Tn5 (5 Prime33 Prime, Boulder, Colo) according to the manufacturer's specifications. In addition, NPT II enzymatic activity was determined by in situ phosphorylation of the antibiotic kanamycin after polyacrylamide gel electrophoresis of crude cell extracts as described previously. 20 Detection and quantification of radiolabeled phosphorylated kanamycin were performed using a PhosphorImager SI (Molecular Dynamics, Sunnyvale, Calif).
To evaluate the neo biological effect in vitro, unmodified or transduced MC 38 cells were plated (10 4 cells/well) in triplicates in 96-well plates, exposed to different concentrations of G418, and incubated at 37°C in 5% CO 2 for 24 hours. Cell proliferation was estimated at the end of the treatment period as a function of radioactive thymidine incorporation into cellular DNA after a 6-hour pulse with [ 3 H]Thd (0.5 Ci/well). Results are expressed as the percentage of the cell proliferation observed in the control (untreated) population.
HSV-tk functional activity
The kinase activity provided by the native HSV-tk and the TNFUS69 genes was investigated by high performance liquid chromatography (HPLC) analysis of H]BVdU incorporated into methanol insoluble cell material (e.g., nucleic acids)) were washed three times with 66% cold methanol and further assayed for radioactivity. 10 
HSV-tk biological activity
HAT selection medium survival. L-M(tk Ϫ ) cells were transduced with either the BTK or BTNfus vectors. A total of 500 cells were then plated in triplicate in 6-well plates, maintained in D10 or in Dulbecco's modified Eagle's medium supplemented with 100 M hypoxanthine, 0.4 M aminopterin, and 16 M thymidine (HAT media supplement; Sigma), and incubated at 37°C in 5% CO 2 . After 7-10 days, colonies were fixed with methanol, stained with methylene blue, and counted.
Inhibition of DNA synthesis and metabolic activity by GCV and
BVdU. MC 38 cells transduced either with the BTK or BTNfus vectors were plated in 96-well plates (5 ϫ 10 3 or 10 4 cells/well) in triplicates, treated with different concentrations of GCV or BVdU, and incubated at 37°C in 5% CO 2 for 72 hours. Cell viability at the end of the treatment was assessed as function of their ability to reduce 3-(4,5-dimethylthiazol-2-yl)Ϫ2,5-diphenyltetrazolium bromide (MTT) according to the MTT colorimetric assay. 22 Briefly, after 69 hours of incubation, 10 L of a 10 mg/mL solution of MTT (Sigma) was added to the culture medium, followed by further incubation for 3 hours. After removing the supernatants, 100 L of dimethylsulfoxide was added to each well to dissolve the water-insoluble formazan crystals. Optical density was determined with a microtiter plate reader using a 560-to 650-nm dual wavelength detector. All experiments were repeated at least twice.
Inhibition of cell proliferation by GCV and BVdU. MC 38 and MCA 205 cells transduced with either the BTK or BTNfus vectors were plated to 6-well plates (2.5 ϫ 10 5 cell/well) and allowed to grow overnight at 37°C in 5% CO 2 ; cells were then exposed to GCV or BVdU at concentrations from 0.0005 M to 200 M. After 48 hours of incubation, cells were counted in a Coulter counter (Coulter Electronics, Luton, Beds, UK). The drug concentration required to inhibit cell proliferation by 50% was defined as the IC 50 .
Statistical analysis
Analysis of significant differences among data groups was performed using the Student's t test for unpaired observations.
RESULTS
Retroviral vector construction
Using the polymerase chain reaction technique, the restriction enzyme sites BamHI (at the 5Ј) and EcoRI (at the 3Ј) were added to both TNFUS69 and HSV-tk genes to facilitate subcloning into the pBabe-puro cassette to obtain BTK and BTNfus retroviral vectors (Fig 1) .
Furthermore, the two ATG start codons were placed in the context of a "Kozak box" (GCCGCCGCCATGG), known as a favorable sequence for translation initiation in eukaryotic organisms. 23 Desired changes of the nucleotide sequences were confirmed by sequencing of both BTK and BTNfus vectors.
The BTNfus vector confers neomycin resistance to transduced cells
We first analyzed the efficacy of the fusion gene to provide expression of NPT II. Comparison between LNL6-and BTNfus-transduced MC 38 cells indicated that the fusion gene was generating a lower amount of NPT II protein, as determined by ELISA (ϳ33% of the control LNL6-transduced cells, data not shown), and a decreased kanamycin phosphorylation activity (ϳ21% of the control, Fig 2A) . Surprisingly, no difference in the sensitivity to the neomycin analog G418 was demonstrated in a [ 3 H]Thd DNA incorporation assay. Cells transduced with the fusion gene were just as resistant to inhibition by G418 as those carrying the original neo gene, even in the presence of relatively high drug concentrations (Fig 2B) . Furthermore, we could easily recover G418-resistant colonies from cells retrovirally transduced with the BTNfus vector, thus allowing us to conclude that the fusion gene, when inserted into retroviral vectors, is able to provide efficient positive selection despite a somewhat lower NPT II expression.
Thymidine, GCV, and BVdU phosphorylation in BTNfus-transduced cells
To assess whether the BTNfus retroviral vector was able to confer HSV-tk activity to target cells, we performed HPLC analysis of Thd, GCV, and BVdU phosphorylated metabolites generated in transduced cells. The results of this analysis are shown in Table 1 . Compared with the fusion gene, cells transduced with the HSV-tk gene in its native form showed a markedly higher ability to phosphorylate Thd and GCV. Surprisingly however, cells transduced with the BTNfus vector were slightly more efficient than cells expressing native HSV-tk in the were inserted into pBabe-puro 16 under the transcriptional control of the Moloney murine leukemia virus long tandem terminal repeat, using the BamHI-EcoRI sites. In both vectors, the expression of the drug resistance gene pac (puromycin N-acetyl transferase) is driven by the internal simian virus 40 early region promoter (SV40p). , packaging signal. phosphorylation of BVdU. We subsequently evaluated the biological activity of the fusion gene in a series of functional assays indicative of Thd, GCV, and BVdU phosphorylation. Expression of the fusion gene resulted in efficient Thd phosphorylation, as demonstrated by the finding that L-M (tk Ϫ ) cells transduced with the BTNfus retroviral vector were only slightly less efficient in forming colonies in HAT selection medium compared with BTK-transduced cells. On average, ϳ69% of colonies were rescued if cells were transduced with the BTK vector, while in the case of BTNfus-transduced cells, ϳ55% of colonies were HAT-resistant (Fig 3) .
In addition, MC 38 cells transduced with the BTNfus vector showed metabolic inhibition when treated with GCV or BVdU (Fig 4) , thus indicating the effective generation of phosphorylated GCV and BVdU metabolites. Interestingly, in GCV-treated cells, we observed significant differences between the effects of the native HSV-tk and the TNFUS69 chimeric gene. The reduced efficacy of the latter in providing metabolic suicide effects in the presence of GCV was less important at higher drug concentrations, but never negligible ( Fig  4A) . In contrast, BVdU treatment resulted in similar toxicity in both BTK-and BTNfus-transduced cells and showed significant superiority of the fusion gene at lower BVdU concentrations (Fig 4B) . Determination of the IC 50 values of GCV and BVdU was performed in BTK and BTNfus MC 38 and MC 205 transduced cells. The results obtained are reported in Table 2 and are in line with the in vitro sensitivity assays. In particular, the reduced sensitivity of BTNfus-transduced cells to GCV (compared with BTK-transduced counterparts) was confirmed in both cell lines, thus demonstrating that this finding was independent of cell type. In addition, the IC 50 values for BVdU were similar for BTNfus-and BTK-transduced cells, indicating that the suicide function of the fusion gene in combination with BVdU could be considered to be comparable with that of the native HSV-tk gene.
DISCUSSION
More than 30 cancer gene therapy clinical trials have been proposed that use retroviral vectors expressing the suicide gene HSV-tk. 24 Most of these vectors also contain a selectable marker, because production and characterization of retroviral producer cells in the absence of positive selection is cumbersome and extremely time consuming. However, the occurrence of transcriptional interference between multiple expression units within the same construct has been demonstrated in many systems [25] [26] [27] and justifies the current common efforts to develop "simplified," single-gene vectors. Clearly, the use of bifunctional fusion genes would represent an advantageous solution to these problems. We have taken advantage of the TNFUS69 plasmid, 15 from which the HSV-tk/neo fusion gene was excised and subcloned in a retroviral cassette under the transcriptional control of the Moloney long tandem terminal repeat, in the context of a Kozak sequence. We show that the resulting retroviral vector, BTNfus, can efficiently confer G418-resistance to transduced cells and that, therefore, the fusion gene can be used as a regular positive selectable marker. Quantitation of the amount of NPT II protein and its ability to phosphorylate kanamycin indicated that there were lower levels of NPT II in cells transduced with the fusion gene compared with cells expressing native neo. However, the biological activity of the NPT II component of the fusion protein encoded by TNFUS69 was substantial, because BTNfus-transduced cells were as resistant to the inhibitory effects of G418 on cell proliferation as LNL6-transduced control cells. The reduced ability of the anti-NPT II antiserum used in the ELISA to recognize the NPT II "new" structure as part of a fusion protein, as well as a potentially decreased affinity of the TK-NEO protein for kanamycin, are possible explanations for these apparent discrepancies. Nevertheless, our data clearly demonstrate that the fusion gene can provide useful positive selection.
The reduced ability of BTNfus-transduced cells to generate phosphorylated thymidine and GCV metabolites could similarly be ascribed to the modifications made to the HSV-tk carboxyl terminus to originate the TNFUS69 gene 15 or to a lower affinity (or catalytic efficacy) of the TK component of the fusion protein for the substrates thymidine and GCV. Verification of this supposition would require further biochemical studies involving enzyme purification, which are beyond the scope of this work. Although reduced when compared with HSV-tk-carrying cells, the phosphorylation of Thd and GCV provided by the fusion gene was biologically active in vitro, allowing mutant cellular TK-negative cells to survive HAT selection and conferring GCV sensitivity to BTNfus-transduced cells.
Taken together, we conclude that the BTNfus retroviral vector can be used in vitro for both positive and negative selection of transduced cells. More commonly used approaches to achieve combined expression of positive and negative selectable markers by retroviral transduction are based on the inclusion in the retroviral cassette of two transcriptional units involving the need for two different promoter elements. Alternative strategies rely on the use of internal ribosomal entry site sequences, which allow the synthesis of two different protein products from the translation of a bicistronic mRNA transcribed under the control of a single promoter. In both of these approaches, the level of expression of the two marker genes can vary dramatically as a consequence of promoter interference or competition of gene expression. The use of a bifunctional protein may overcome these potential problems because of the presence of a single transcriptional unit driven by a single promoter and expressing a single gene product.
Other fusion genes containing HSV-tk have been described. Among these, the tgLS(ϩ)HyTK retroviral vector encodes a gene originated by the fusion of the hygromycin resistance gene (Hy) and HSV-tk, 28 whereas the pETLGB expression cassette 29 was generated by fusing the HSV-tk sequence to that of green fluorescent protein. Both the HyTK and the TK-green fluorescent protein fusion genes were demonstrated to originate bifunctional fusion proteins with potential applications that were similar to the TK-NEO protein encoded by the fusion gene inserted in our BTNfus retroviral vector. In addition, an attractive application for the same fusion gene used in our studies has been described recently by Bonini et al. 30 The fusion gene was introduced in a retroviral vector used to transduced peripheral blood lymphocytes of bone marrow donors as part of a clinical protocol of allogeneic bone marrow transplantation for leukemia. These engineered lymphocytes were successfully used to treat leukemia relapse after bone marrow transplantation and were efficiently eliminated by GCV administration when they induced a severe graft-versushost reaction.
Other very recent results of clinical trials using the HSV-tk/GCV suicide system for the treatment of cancer have underlined the need to improve the efficiency of the system. 12, 13 It is clear that both the delivery of the HSV-tk-carrying viral vector and the choice and/or the administration schedule of the active prodrug can be refined. Recent pharmacological studies have led to the identification of several compounds of demonstrated efficacy in the treatment of herpesvirus infection in animal models and/or in human studies. Among these drugs, BVdU was found to be at least 100-fold more potent than GCV in inhibiting the proliferation of HSV-tk-transformed cells. 10, 31 In our studies, in contrast to GCV, BVdU was as efficiently phosphorylated by the fusion gene-transduced cells as it was by HSV-tk-transduced control cells. This observation, along with the remarkable efficiency of BVdU in inhibiting the in vitro proliferation of BTNfustransduced cells, suggests that the use of the fusion gene in association with BVdU may be useful in metabolic suicide gene transfer. This is particularly relevant in light of the impaired generation of phosphorylated GCV metabolites observed in BTNfus-transduced cells. The reduced sensitivity to GCV may result in inefficient metabolic suicide effects if this drug is used in combination with the fusion gene for in vivo applications. In this context, BVdU may represent a better choice.
It is hoped that further biochemical studies, now made possible by the recent generation of [ 3 H]-labeled BVdU, will help to better define the mechanism of action of BVdU and its derivatives, as well as to clarify the real possibility of its use for applications in vivo.
